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ABSTRACT Atomic layer deposition (ALD) is used to deposit ruthenium-platinum nanostructured catalysts using 2,4-(dimethylpen-
tadienyl)(ethylcyclopentadienyl) ruthenium, trimethyl(methylcyclopentadienyl) platinum, and oxygen as precursors. Transmission
electron microscopy shows discrete 1.2 nm nanoparticles decorating the surface of the spherical alumina support. The Ru-Pt particles
are crystalline and have a crystal structure similar to pure platinum. X-ray fluorescence measurements show that the nanoparticle
composition is controlled by the ratio of metal precursor ALD cycles. X-ray absorption spectroscopy at the Ru K-edge indicates a
nearest neighbor Ru-Pt interaction consistent with a bimetallic composition. Methanol decomposition reactions further confirm a
Ru-Pt interaction and show enhanced methanol conversion for the bimetallic nanoparticles when compared to catalysts comprised
of a mixture of pure Pt and Ru nanoparticles of similar loading. These results demonstrate that ALD is a viable technique for synthesizing
mixed-metal nanostructures suitable for catalysis and other applications.
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Atomic layer deposition (ALD) is a thin film growth
technique that employs self-limiting chemical reac-
tions between gaseous precursors and a solid surface

allowing atomic scale control over the film thickness and
composition.1,2 One of the distinguishing attributes of ALD
is the capability to deposit highly uniform and conformal
coatings on surfaces with complex topographies and to
infiltrate mesoporous materials.3-5 This feature is particu-
larly attractive for the synthesis of heterogeneous catalysts
requiring highly dispersed catalytic species on high surface
area, mesoporous supports. Consequently, ALD is being
explored as an alternative method for preparing advanced
catalysts.6-9

The layer-by-layer growth process afforded by ALD typi-
cally yields smooth, uniform films and this is ideal for most
microelectronics applications.10 However, nonuniform de-
posits can result when the ALD chemistry is inhibited on the
starting substrate or when the ALD material aggregates from
surface diffusion. Both of these mechanisms are in effect in
the early stages of noble metal ALD on oxide surfaces
resulting in the formation of discrete, three-dimensional
nanoparticles that decorate the surface.11-15 This behavior
has been exploited to synthesize supported noble metal
catalysts exhibiting remarkably high activity as a result of
the highly dispersed, small noble metal particles.9,16-18

Historically, noble metal ALD has been limited to single-
component films11,19-23 but very recently the ALD of mixed-
metal films has been reported.24,25 This capability could
provide enormous technological benefit if the method could
be broadened to include a range of other mixed-metal
combinations and particularly if the technique could be
extended to synthesize mixed-metal nanoparticles. Mixed-
noble metal nanoparticles can exhibit superior catalytic
properties26 compared to both their single-component coun-
terparts as well as their thin film analogs resulting in higher
conversions and lower required loadings of the costly pre-
cious metals. This is especially true for the ruthenium-
platinum catalysts used in direct methanol fuel cells (DMFCs)
where a bimetallic catalyst is required for optimal per-
formance.27,28 In our previous work on the ALD of Ir-Pt
films, we found that the films deposit as alloys in which the
composition and properties obey rule of mixtures formulas.
Such predictable behavior suggests that this method might
apply to other ALD mixed-noble metal combinations that
share compatible surface chemistries. However, the forma-
tion of bimetallic nanoparticles may be complicated by
additional factors including the interaction of the underlying
support surface and the relative rates of nucleation and
growth for the different metal components.

In this communication, we report on the ALD of Ru-Pt
bimetallic nanoparticles. These metals were selected based
on their importance as fuel cell catalysts and on their similar
ALD chemistries and growth conditions. First, we utilize in
situ quartz crystal microbalance (QCM) measurements to
verify growth of the mixed-metals under our conditions.
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Next, we prepare Ru-Pt mixed-metal deposits on spherical
alumina nanoparticles and characterize the materials using
transmission electron microscopy (TEM) to determine the
morphology of the Ru-Pt deposits and verify the existence
of nanoparticles. We also utilize X-ray fluorescence (XRF) to
evaluate the composition (Ru and Pt mol %) and the metal
loading and utilize extended X-ray absorption fine structure
spectroscopy (EXAFS) to examine the structure. The EXAFS
measurements probe the degree of interaction between the
platinum and ruthenium atoms and can positively identify
bimetallic nanoparticles. Finally, we test the resulting ma-
terials for their catalytic behavior using methanol decom-
position, the initial reaction in DMFCs. The catalytic behavior
provides an additional probe of the interaction between Ru
and Pt when compared to the behavior of the monometallic
components.

ALD was performed using alternating exposures to 2,4-
(dimethylpentadienyl)(ethylcyclopentadienyl) ruthenium
(Ru(DER)) and oxygen for Ru ALD23 and trimethyl(methyl-
cyclopentadienyl) platinum (Pt(MeCp)Me3) and oxygen for
Pt ALD.21 By adjusting the ratio between the Ru(DER)/O2

cycles and the Pt(MeCp)Me3/O2 cycles, we should in principle
control precisely the Ru/Pt ratio in the deposits. To confirm
this hypothesis, we used in situ QCM measurements to
monitor the thickness changes during Ru-Pt mixed-metal
ALD using a 1:1 ratio of Ru(DER) to Pt(MeCp)Me3 cycles.
Figure 1 demonstrates linear growth with reproducible
thickness increments of 0.31 ( 0.02 Å/cycle during each Ru
ALD cycle and 0.74 ( 0.03 Å/cycle during each Pt ALD cycle
assuming bulk Pt and Ru densities. These values are very
similar to the growth rates we measured by QCM for the
pure Ru and Pt ALD indicating very little perturbation of the
growth chemistries upon transitioning between materials.
Consequently, our QCM measurements confirm that we can
control the Ru/Pt ratio in a similar fashion as Ir-Pt ALD
alloys.24 Furthermore, these measurements indicate that

2-3 Ru ALD cycles should be performed for each Pt ALD
cycle to achieve approximately equal amounts (mol %) of
these metals in the deposit.

We next prepared ALD Ru-Pt on spherical Al2O3 powder
using the following scheme: 2 cycles Ru(DER)/O2; 1 cycle
Pt(MeCp)Me3/O2; and 1 cycle Ru(DER)/O2. This Ru-Ru-Pt-
Ru ALD sequence yielded a metal loading of 4 wt % as
measured from mass uptake. The noble metal composition
was determined by XRF to be 71 mol % Ru. This value is
somewhat higher than the predicted value of 58 mol % Ru
based on the relative ALD growth rates and the number of
cycles performed, and this divergence probably results from
differences in the chemisorption of the metal precursors on
the Al2O3 surface as compared to the noble metal surface.
We also observed that the order in which the Pt ALD and
Ru ALD cycles are performed affects slightly the composi-
tion. A more detailed investigation is under way to explore
these phenomena.

Figure 2a shows a TEM micrograph of a typical 40-60
nm diameter Al2O3 nanosphere following the Ru-Ru-Pt-
Ru ALD sequence and clearly shows that the Ru-Pt deposit
consists of isolated nanoparticles. The inset in Figure 2a
shows a histogram of particle sizes measured from the TEM
image and yields an average particle size of 1.2 ( 0.3 nm.
This particle size is consistent with the size of ALD Pt
nanoparticles prepared on strontium titanate surfaces under
similar conditions.14 Figure 2b shows a high-resolution
micrograph where lattice fringes for both the Al2O3 and the
metal nanoparticles are visible. The lattice fringes for the
Al2O3 are approximately 0.47 nm and are consistent with
the d-spacing for Al2O3 (100) planes of 0.48 nm. The nano-
particles show lattice fringes of ∼0.19 nm. The d-spacing for
the (200) lattice planes in Pt is 0.19 nm whereas the (101)
planes in Ru are spaced at 0.21 nm. Our TEM images do not
provide sufficient resolution to quantify the changes in
crystal structure expected for Ru-Pt bimetallic nanopar-
ticles. However, the TEM images show that the metal nano-
particles are crystalline and faceted and appear to assume
a structure similar to bulk Pt.

To differentiate between separate Ru and Pt particles
versus bimetallic Ru-Pt particles, EXAFS measurements of
the Ru-Pt were performed. Figure 3a shows the Ru K-edge
X-ray absorption near edge structure (XANES) spectra of the
Ru-Pt ALD/alumina bimetallic catalysts and that of a 3%
Ru/silica catalyst with 5 nm metallic nanoparticles. The
bimetallic Ru-Pt XANES is shifted to higher energy by ∼3
eV, and the shape of the edge and of the first two peaks are
significantly different, indicating that this is not Ru only.
Figure 3b shows the magnitude and the imaginary parts of
Fourier transform of the Ru K-edge EXAFS for these two
catalysts. The magnitude of the Fourier transform for the first
shell coordination of Ru/silica has two peaks, one large peak
at about 2.5 Å and a smaller peak at about 2 Å. This
spectrum is typical of the K-edge EXAFS for a single 4d
metal. The magnitude of the Fourier transform of the Ru-Pt

FIGURE 1. In situ QCM measurements performed during Ru-Pt
mixed-metal ALD using a 1:1 ratio of Ru(DER) to Pt(MeCp)Me3 cycles.

© 2010 American Chemical Society 3048 DOI: 10.1021/nl101567m | Nano Lett. 2010, 10, 3047-–3051



alloy also has two peaks, but the intensity of the smaller peak
is nearly equivalent to that of the second indicating the
presence of a second metal scatterer, that is, Ru-Ru and
Ru-Pt. Fitting both the magnitude and imaginary parts of
the Fourier transform to a model that includes Ru and Pt
enables us to extract bond distances for Ru-Ru and Ru-Pt
as well as the coordination numbers, N. These data are given
in Table 1 along with the other fitting parameters. The
Ru-Ru bond distance is 2.60 Å, which is significantly shorter
than that in Ru foil, 2.68 Å. The Ru-Pt bulk bond distance
is 2.72 Å while that in the Ru-Pt catalyst is 2.69 Å. These
bonding results provide further evidence of a Ru-Pt interac-
tion, and the contraction of the bond distances is consistent
with small metallic particles.15,29

Figure 4 shows the methanol conversion as a function of
temperature for the bimetallic Ru-Pt catalyst and a physical
mixture of ALD Pt on spherical alumina and ALD Ru on
spherical alumina. The Ru-Pt bimetallic catalyst shows a

higher CH3OH conversion than the single mixture at tem-
peratures above 210 °C. Furthermore, the CH3OH conver-
sion for the bimetallic catalyst begins to saturate at 250 °C,
while the physical mixture does not appear to saturate even
at 270 °C. The steeper temperature dependence implies a
higher activation energy for the bimetallic catalyst as com-
pared to the physical mixture and supports that the Ru-Pt
mixed metal ALD yields bimetallic nanoparticles.

In conclusion, ALD offers a broad set of tools to construct
very small, supported bimetallic nanostructures for applica-
tion in fuel cells or heterogeneous catalysis. This initial study
focused on Ru-Pt mixed metal ALD using established
ruthenium and platinum ALD chemistries. TEM reveals that
the Ru-Pt deposits as discrete nanoparticles with a diameter
of 1.2 nm on the alumina support, and EXAFS measure-

FIGURE 2. TEM images of ALD nanoparticles on Al2O3. (a) ALD metal
nanoparticles decorate the alumina sphere. The histogram gives the
nanoparticle size distribution measured from TEM where the mean
particle diameter is 1.2 nm with a distribution width of 0.3 nm. (b)
High-resolution TEM image showing lattice fringes for the Al2O3 and
the Ru-Pt nanoparticles.

FIGURE 3. X-ray absorption data. (a) Ru K-edge spectra for ALD
Ru-Pt/Al2O3 and a reference 3% Ru/SiO2. For the ALD catalysts, the
Ru K-edge is shifted 3 eV higher and has a distinctly different line
profile compared to the Ru reference. (b) Fourier transforms (∆k )
2.7-12.2 Å-1) of the absorption spectra where the solid line shows
the magnitude and the broken line shows the imaginary part. Peaks
at 2 and 2.5 Å are smaller for the ALD catalyst when compared to
the Ru reference. Fitting this data to a Ru-Pt bimetallic model
provides the data in Table 1.

TABLE 1. Ru K-edge EXAFS Fitting Results

scatter N ((20%) R ((0.02 Å) ∆σ2 Å2 (x 103) Eo (eV)

Ru-Ru 3.8 2.60 2.0 -3.0
Ru-Pt 4.5 2.69 2.0 -5.0
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ments confirm that the Ru-Pt nanoparticles are bimetallic.
The Ru-Pt mixed metal ALD catalysts yield a higher conver-
sion in the CH3OH decomposition reaction compared to a
physical mixture of monometallic Ru and Pt catalysts and
this difference is further evidence that the Ru-Pt mixed
metal ALD yields bimetallics. These results are particularly
encouraging for the development of multicomponent cata-
lysts by ALD precursors. In future studies, we will elaborate
on the ALD Ru-Pt bimetallic system and extend this method
to other mixed-metal ALD processes and also perform more
extensive characterization to elucidate the inner structure
of the multimetallic nanoparticles.

Experimental Section. ALD was performed in a hot-
walled viscous flow reactor equipped with an in situ quartz
crystal microbalance (QCM) described elsewhere.30 Alumi-
num oxide nanospheres (NanoDur, Alfa Aesar) with a diam-
eter range of 40-60 nm and a surface area of ca. 35 m2/g
in quantities of ∼0.15 g were loaded into a stainless steel
tray with a mesh top to contain the powder.5 The tray was
installed into the reactor at 300 °C, which was evacuated to
1 Torr under a continuous 240 sccm flow of ultrahigh purity
nitrogen carrier gas. The ALD noble metal precursors were
held in separate heated, stainless steel bubblers with the
Pt(MeCp)Me3 (Strem Chemicals, Inc.) at 50 °C and the
Ru(DER) (Tosoh Corp.) at 80 °C. An exposure time of 200 s
was used for the noble metal precursors and oxygen and
50 s purge periods were introduced between precursor
exposures. TEM images were collected on a JEOL 3010
instrument operating at 300 keV.

Ru K-edge XAFS were performed at the Materials Re-
search Collaborative Access Team (MRCAT) and CMC beam-
lines at the Advanced Photon Source, Argonne National
Laboratory. The setup used was similar to that outlined by
Castagnola et al.31 The sample was loaded as a self-support-
ing wafer without binder in the channels (i.d. ) 4 mm) of a
stainless steel multisample holder. The sample holder was
then placed in the center of a quartz tube, which was

equipped with gas and thermocouple ports and Kapton
windows. The amount of sample used was optimized for a
step height of about 0.5. Prior to the XAFS measurements,
the sample was reduced in 4% H2/He at 300 °C for 30 min
followed by He purge for 10 min. Next, the sample was
cooled to RT in flowing He. The XAFS spectra were recorded
in transmission mode. Standard procedures based on WINX-
AS 3.1 software were used to fit the XAS data. The EXAFS
coordination parameters were obtained by a least-squares
fit in q- and r-space of the isolated nearest neighbor, k2-
weighted Fourier transform data.

The catalytic experiments were carried out in a stainless-
steel, microflow reactor with an inside diameter of ∼4 mm.
Prior to performing the measurements, the reactor was
passivated by coating with 50 nm of ALD Al2O3 to reduce
interference from background reactions. Ten milligrams of
catalyst were used in each experiment. The catalyst was held
in the middle of the reactor by a plug of quartz wool. The
catalyst mixture comprised Al2O3 nanospheres coated with
either ALD Pt (5 wt % Pt) or ALD Ru (∼1 wt % Ru). The ALD
Pt/alumia also has 1-2 nm Pt particles whereas the ALD Ru
is less well-defined. The mixture was prepared by incremen-
tally adding powder and measuring XRF until a 76 mol %
Ru was obtained. A K-type thermocouple was positioned
inside the reactor in contact with the catalyst layer to
measure the reaction temperature. Methanol vapor was
introduced into the reaction system using an argon (Airgas,
99.99%) gas bubbler. The bubbler was immersed in an
ice-water bath to generate an argon stream with ∼4%
methanol. Pure argon was used as the balance gas. The
catalytic experiments were performed in the temperature
range of 190 to 290 °C with a gas flow rate of 10 sccm at
atmospheric pressure. The reactor was allowed to equilibrate
for 0.5 h at each data point; each data point represents a
5 h duration in which the catalyst did not show any ap-
preciable degradation in activity. The alloy catalyst was
tested twice and good reproducibility was achieved. Reaction
products were analyzed by an online HP 5890 gas chro-
matograph equipped with a thermal conductivity detector
(TCD). Signals from the TCD were calibrated using certified
standard gas mixtures (Scotty, 1.00% CO2, 0.999% CO,
1.00% H2, 0.998% CH4, balance of nitrogen).
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FIGURE 4. Methanol decomposition as a function of temperature
for the Ru-Pt bimetallic catalyst and the physical mixture of Ru +
Pt monometallic catalysts. The Ru-Pt bimetallic shows a higher
CH3OH conversion above 210 °C.
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